Changes in light quantity and quality cause structural changes within the thylakoid membrane; long-term responses have been described for so-called 'sun' and 'shade' leaves. Many leaves, however, experience changes in irradiance on a time scale of minutes due to self-shading and sun flecks. In this study, mature, attached spinach leaves were grown at 300 µ µ µ µ mol photons m 
INTRODUCTION
Leaves that develop under high light are physiologically and anatomically distinct from those that develop in the shade. In comparison to 'shade' leaves, 'sun' leaves are thicker, smaller, contain more protein and chlorophyll, and have higher light-saturated photosynthetic rates (Boardman 1977; Cui, Vogelmann & Smith 1991) . Chloroplast ultrastructure is also responsive to growth light intensity, in that chloroplasts from sun leaves have more grana and more thylakoids per individual granum than chloroplasts in shade leaves (Anderson, Goodchild & Boardman 1973; Boardman et al . 1975; Lichtenthaler et al . 1981) . These differences can be seen between plants native to high-or lowlight habitats (Björkman & Holmgren 1963) as well as leaves at the interior or exterior of the canopy in an individual plant (Lichtenthaler 1985) .
In addition to long-term differences between sun and shade environments, many plants experience rapidly changing light conditions in the form of sun flecks, during which irradiances can vary from less than 10 to over 1000 µ mol photons m − 2 s − 1 in a matter of seconds (Pearcy 1990 ). These rapid changes in irradiance can lead to photo-inhibition (Powles & Björkman 1981; Raven 1989) . In response, chloroplasts are capable of rapid biochemical and bioenergetic adjustments via mechanisms such as state transitions (Bennett 1991) . State transitions allow chloroplasts to balance relative turnover rates of the two photosystems due to the mobility of the antenna proteins surrounding photosystem II (PSII) (Allen 1992 ) and the extreme lateral heterogeneity of the protein complexes in the thylakoid membrane (Andersson & Anderson 1980) . Under state 2 conditions (moderate, high, or 650 nm light) a portion of the light harvesting chlcrophyll binding proteins of PSII (LHCII) is phosphorylated and the resulting LHCII-PO 4 is forced to migrate from the appressed region to the nearest unappressed region. Under state 1 conditions (darkness, shade, or 710 nm light) LHCII-PO 4 is dephosphorylated, and LHCII returns to an appressed region (Staehelin 1976; Telfer et al . 1983 ). Measurements of 77 K chlorophyll fluorescence in both isolated thylakoids and intact leaves demonstrate that a portion of the LHCII antennae proteins serving PSII under state 1 conditions becomes energetically disconnected from PSII under state 2 conditions (Bennett, Steinback & Arntzen 1980; Dau & Hansin 1988; Bennett 1991) . Because the mechanism maintaining thylakoid appression is based on a mutual attraction between LHCIIs in adjacent thylakoids (Ryrie, Anderson & Goodchild 1980; Sculley et al . 1980; Chow, Miller & Anderson 1991) , any change in the amount of LHCII associated with PSII would be expected to: (1) alter the amount of energy being funneled into that photosystem; (2) influence the extent of thylakoid appression; and (3) change the size of the individual grana stacks.
Given that: chloroplast ultrastructure in sun and shade plants responds in a predictable fashion to long-term differences in growth light intensity, leaves are frequently subjected to rapid changes in irradiance, and short-term biochemical adjustments that influence thylakoid stacking are possible, we sought to determine whether chloroplast ultrastructural adjustments to varying light intensities are solely a long-term growth response or if they may be attributable to the short-term bioenergetic status of the chloroplast itself. The fundamental question may be posed, 'how dynamic is thylakoid stacking?' An answer to this question was sought by subjecting spinach leaves to a variety of irradiance treatments that mimicked sunflecks in the field. The size and number of grana in two-dimensional chloroplast sections from these leaves were assessed by transmission electron microscopy (TEM) and image analysis.
MATERIALS AND METHODS

Plant material
Spinach ( Spinacia oleracea L. cv Bloomsdale Longstanding; Excel Seeds, Minneapolis, MN, USA) seeds were sown in a commercial potting soil in 10 cm × 10 cm pots. Plants were raised in a Percival model 35LLVLX growth chamber (Percival Scientific, Boone, IA, USA) under a photoperiod of 12 h light : 12 h dark (300 µ mol m − 2 s − 1 PAR) supplied by 40 W GE Soft White fluorescent bulbs at 23 ° C. All irradiances were measured with a Li-Cor LI 189 light meter equipped with a LI 190SA quantum sensor (Li-Cor Inc., Lincoln, NE, USA). Relative humidity averaged 80%. Plants were watered daily and fertilized every other day (MiracleGro nutrient solution, 15-30-10 N-P-K, half strength, Scott's Co., Marysville, OH, USA). Fully mature leaves after 6 weeks of growth were chosen for experimentation.
Experimental light treatments
All light treatments were performed on intact, attached leaves. Nine separate experiments were performed. Fully dark-adapted, growth-chamber-grown leaf tissue was collected after 11·5 h of darkness just prior to lights on and designated as 'dark-adapted control'. The light-adapted control was 2 h of 300 µ mol m − 2 s − 1 , i.e. 2 h after lights on. Five additional experiments were performed by switching light-adapted control plants to either more or less light (see Table 2 ). Self-shading was effected by detaching a spinach leaf from a separate plant and laying it on top of a treatment leaf that had been receiving 300 µ mol m − 2 s − 1 . The resulting 10 µ mol m − 2 s − 1 of light was deficient in blue and red (data not shown) and was typical of under-canopy light in terms of both quality and quantity (Holmes & Smith 1977) . Neutral density light (10 µ mol m − 2 s − 1 ) was achieved by laying a Kodak Wratten neutral density filter on top of the leaf. High light exposures (800 and 1500 µ mol m − 2 s − 1 ) were provided with 50 W halogen lights (P.E.C. Inc., Osaka, Japan).
For studies of thylakoid stacking under natural lighting conditions, spinach plants were raised from seed in full sun in a glasshouse in the soil mixture and watering regimen given above for growth-chamber-grown plants. Plants were sampled on 8 September 1999, at 0530 h (26 min before civil twilight), 1252 h (solar transit), and 2040 h (53 min after civil twilight). The times for these three events were taken from the US Naval Observatory Astronomical Applications Department web page (http://aa.usno.navy.mil/AA/data/). Diurnal solar irradiance was measured every 2 min (data not shown) and logged using the data log function on a selfrecording infrared gas analyzer (PP Systems, Haverhill, MA, USA).
Electron microscopy
At the termination of the light treatment the leaf tissue was excised and immediately cut into 0·5 mm 2 segments in a pool of 2·5% glutaraldehyde in a sodium cacodylate buffer (0·1 mol m − 3 , pH 7·2) and kept under the treatment light conditions for 10 min. Fixation continued under dim light for 60 min, then the samples were rinsed four times in the same buffer for 15 min each. Post-fixation was in 1% OsO 4 in the cacodylate buffer for 60 min followed by two 5 min water rinses. Dehydration was in a graded ethanol series. All fixation and dehydration steps were at room temperature. Tissue was embedded in Spurr's (1969) resin and polymerized at 60 ° C for 8 h. Thin ( ∼ 70 nm) sections were cut using a diamond knife on a Leica Ultracut UCT ultramicrotome and contrasted in 0·02 N calcined lead (Haniachi et al . 1986 ) for 2 min, prior to viewing with a Zeiss EM10CA transmission electron microscope at 60 kV. All chloroplast profiles were photographed at 10 000 × magnification. Magnification was calibrated by photographing a test standard (replica of a 73 152 lines per cm block, Ladd Red. Ind, Burlington, VT, USA) at the same magnification. Only fully differentiated chloroplasts from the palisade mesophyll layer were chosen for analysis in order to reduce variability due to tissue effects (cf. Terashima & Inoue 1985) . Negatives of selected chloroplasts were printed on Kodak Polycontrast photographic paper. Clear acetate film was laid over photographs and grana were traced by hand with a permanent marker. The tracings were digitized to TIFF format files using a flatbed scanner.
Sampling for morphometric analysis
Three epoxy blocks from each of the nine light treatments were randomly selected for sectioning. Seven chloroplast profiles were photographed for each sectioned block (number of chloroplast profiles = 21 for each of the nine treatment conditions). Each chloroplast profile contained approximately 30-50 grana therefore each of the nine light treatments had a sample size of ∼ 600 to ∼ 1000 grana (see Tables 1 and 2) , and the total data set comprised almost 7000 individual measurements. The samples for electron microscopy were coded such that the person who performed the microscopy and subsequent morphometric analyses did not know the light treatment to which the tissue was exposed. This was done to eliminate operator bias in the data collection.
Morphometric analysis
Grana per chloroplast and granal area were extracted from the scanned tracings using the NIH Object Image 1·60 application for the Macintosh (http://zippy.nimh.nih.gov/ pub/nih-imager). The resulting data were graphed using DeltaGraph Pro (v. 2·0.3b, DeltaPoint, Inc., Monterey, CA, USA). All statistical calculations were performed using Minitab (v.10, Minitab Inc., State College, PA, USA).
K Fluorescence
Emission spectra at liquid nitrogen temperatures (77 K) were obtained using a Photon Technologies Incorporated (PTI, Rockwell, TX, USA) Alphascan1 emission spectrometer equipped with a xenon arc lamp excitation source and fitted with an Oxford Instruments (Oxford, UK) DN-1704 liquid nitrogen cryostat thermostatically controlled by an ITC-4 digital temperature controller. Subsequent to light treatment (as described above) and plunge-freezing in liquid nitrogen, whole spinach leaf samples were held in the cryostat using mounts which positioned the samples at an angle of 45 ° relative to the excitation beam and temperature-equilibrated for no less than 30 min. Emitted light was collected from the samples at 90 ° to the excitation source by passing the fluorescence through a series of Schott colour glass filters (470, 550 and 580 nm Schott, Fullerton, CA, USA), a monochromator, and finally detecting the signal with a Hamamatsu R928 photomultiplier (Hamamatsu, Bridgewater, NJ, USA).
RESULTS
Representative micrographs of thylakoids from lightadapted (LA, 2 h of 300 µ mol m − 2 s − 1 ) and shaded (10 min of 10 µ mol m − 2 s − 1 neutral density shade) leaves are shown in Fig. 1 . Although the membrane architecture of thylakoids from both treatments was characteristic of mesophyll chloroplasts from C 3 leaves, the margins of the light-adapted chloroplasts (Fig. 1a) were typically much more irregular than those of the shaded chloroplasts (Fig.  1b) .
The effects of rapidly changing light conditions on granum size were established by investigating the twodimensional ultrastructure of chloroplasts from a variety of short-term light treatments. Granum size was quantified by measuring the two-dimensional area of grana in cross-section as seen in TEM thin sections. As the total amount of thylakoid appression increases in a chloroplast, one would expect there to be a decrease in the number of individual grana and an increase in average granum size, as smaller grana fused to form larger grana. The opposite would be expected upon a decrease in total thylakoid appression. Therefore, the morphometry data are presented as histograms (cf. Fig. 2a ) and difference histograms (cf. Fig. 2b ) to show the change in grana size distributions upon a shift in light conditions (Figs 2, 3, 4 and 6) .
Switching a light-adapted plant from 2 h of 300 µ mol m − 2 s − 1 to 10 min of neutral-density shade resulted in a loss of smaller grana and a gain of larger grana (Fig. 2a) . In fact, the increase in large grana at the expense of small grana was quite striking (Fig. 2b) . Self shading of light-adapted leaves for 10 or 20 min also caused a loss of small grana and an increase in large grana (Fig. 3a, b) . In a second series of experiments, light-adapted leaves were given short (10 min) treatments of high irradiance. Transfer from the LA condition to 10 min of 800 µmol m −2 s −1 caused an increase in small grana and a decrease in larger grana (Fig. 3c) . However, switching from the LA condition to even higher light (1500 µmol m −2 s −1 ) for 10 min had the opposite effect on all ultrastructural parameters measured (Fig. 3d) .
The ability of thylakoid appression to rapidly recover was determined by taking LA leaves, giving them 10 min of self-shade, and then returning them to the LA conditions for an additional 10 min. In terms of granal size distribution, switching LA leaves to shaded conditions did cause a large decrease in small grana and an increase in large grana (Fig. 3a, b) . However, subsequently transferring those shaded leaves back to the LA conditions did not fully restore the granal size distribution seen in the light-adapted condition (Figs 4 and 5) . The forward reaction of shadeinduced granal size increase was apparently somewhat faster than the backward reaction of light-induced granal size decrease.
Finally, it was determined whether the rapid changes in granum size reported above could be measured on a longer term, diurnal basis in leaves of plants grown in a glasshouse. Under natural lighting conditions, only the average granum size measured at post-dusk was significantly different from the solar transit value, the point of highest irradiance (Table  1 ). This lack of significant effect is also seen in the granal size class distribution shown in Fig. 6 .
The average granum size, average number per chloroplast, and calculated amount of appressed thylakoid per chloroplast are presented in Table 2 for six of the treatment conditions (see Discussion for an explanation of the calculations). It can be seen that shading caused an increase in the amount of thylakoid appression and switching to higher light decreased appression, with the exception of the 1500 µmol m −2 s −1 treatment.
At 77 K, the antennae chlorophyll of PSI emits maximum fluorescence at 735 nm whereas that surrounding PSII emits maximally at 685 nm (cf. Bennett et al. 1980; Bassi, Rigoni & Giacometti 1990) . Therefore, the ratio of F735/F685 can be a diagnostic for the amount of chlorophyll-containing LHC connected to each of the two photosystems. A low F735/685 ratio indicates the maximum amount of antennae is associated with PSII (state 1), whereas a high value means the opposite (state 2). Although more accurate measurements are obtainable using isolated thylakoids, it is possible to determine the F735/F685 ratio in intact leaf sections (cf. Dau & Hansin 1988; McCormac, Bruce & Greenburg 1994) . To assess the antenna complex distribution in response to short-term irradiation changes, 77 K fluorescence measurements were made on leaves after incubation as described above. Fully dark-adapted spinach leaves had the lowest value for the F735/F685 ratio, namely 6·3 (Table 3) . Upon light adaptation the ratio rose to 7·7. These data are consistent with an irradiance-induced transition from state 1 in the dark to (or at least 'towards') state 2 in the light. Transferring lightadapted (state 2) leaves to 10 min of shade (either neutral density shade or self shade) caused a reduction in the F735/ F685 ratio, indicating a rapid return towards state 1 (Table  3) . Treating LA leaves with 10 min of high light (800 µmol m −2 s −1 ) increased the F735/F785 ratio to 8·5, as the LA thy- 
DISCUSSION
Given that irradiance quality and quantity fluctuate on seasonal, diurnal, and even minute time scales, light is undoubtedly the most variable photosynthetic substrate used by plants. The ability of plants to adapt to such variation has allowed them to occupy habitats ranging from the continually shaded forest floor to fully exposed grasslands and deserts. Adaptations to divergent light environments include adjustments at the morphological, anatomical, ultrastructural and biochemical levels. For example, there are significant differences between chloroplasts from shade-adapted and light-adapted leaves in that shade chloroplasts have larger and more irregular grana . Historically, these changes have been considered as long-term responses to growth irradiance and never investigated from the standpoint of rapidly changing light conditions. Changes in granum two-dimensional, cross-sectional size have been used in this study as evidence of changes in thylakoid appression. If, for instance, shading causes a decrease in the number of smaller grana and an increase in Figure 5 . Changes in number of granal profiles per chloroplast (a) and average granum size (b) upon transferring light-adapted leaves to 10 min of self-shade, then back to the light-adapted conditions. Bars with different letters are significantly different at the P <0·001 level using Tukey's multiple comparison of means test. Bars with different numbers were significantly different at the P <0·05 level. larger grana, this is evidence that grana have fused and that thylakoid appression has increased. The reverse would hold for a short-term increase in irradiance. The direct relationship between two-dimensional area and appression is apparent when the grana size data are plotted as histograms, as in Figs 2-4. Accordingly, there is also a shadedependent decrease (and a high-light-dependent increase) in average granum size and number per chloroplast (Table  2) . Given four assumptions it is possible to use these data to calculate the amount of appressed thylakoid surface area per chloroplast profile. The assumptions are: (1) grana are cylindrical. Although this may not be strictly correct, grana observed in three dimensions or end face are usually rounded in shape. The high number of grana measured in this study probably brings this round shape closer to a circle than to an oval or polygon, in our consideration. Therefore, with the large sample sizes (637-1035 grana per light treatment, Tables 1 and 2), the assumption that the average granum is cylindrical is worthy of consideration for the purposes of this discussion. (2) Each thylakoid in a granum has two faces involved in appression, except for end thylakoids which only have one appressed face each. (3) The number of thylakoids per granum can be derived by dividing granum height by the thickness per thylakoid (0·0183 ± 0·0005 µm, mean ± SE, n = 10 as measured directly from micrographs). (4) The height and width of a granum are equal to the square root of the cross-sectional area as measured from electron micrographs. This last assumption is false in a strict sense, but a large number of measured samples supports it to a first approximation. The following mathematical expressions can therefore be derived:
(1) Applying Eqns 1 and 2 to the ultrastructural data resulted in an increase in the calculated amount of thylakoid appression upon shading and a decrease upon switching to 800 µmol m −2 s −1 (Table 2) . A rapid transition from light-adapted to shaded conditions would be expected to be accompanied by a dephosphorylation of LHCII, a decrease in the ratio of F735/F685 as LHCII proteins migrate towards PSII, and an increase in granal appression (see Allen 1992) . In the present study we demonstrate that this expected increase in thylakoid appression upon a light-to-shade transition had measurable effects on granal number, cross-sectional size, and the calculated amount of thylakoid appression. When lightadapted leaves were treated with lower levels of light there was an increase in the calculated amount of granal appression ( Table 2 ) and evidence that was suggestive of a state 2 to state 1 transition (as measured by 77 K fluorescence, Table 3 ). The opposite effect was also observed: transfer from dark to light or switching light-adapted plants to even higher irradiances caused a decrease in granal appression (Table 2 , Fig. 3c ) and an increase in the F735/F685 fluorescence that was suggestive of a state 1 to state 2 transition (Table 3) . The rapidity and extent of the response were striking. For example, switching from the light-adapted condition to 10 min of self shade caused a 36% decrease in the number of grana per chloroplast profile, a 36% increase in the average granal cross-sectional size, and a 17% increase in the calculated amount of thylakoid appression (Table 2) . These changes occurred on a much shorter time scale than has been investigated previously using other intact, in vivo systems (Logan 1970; Guillot-Salomon et al. 1978; Lichtenthaler et al. 1981; Fails, Lewis & Barden 1982; Terashima & Inoue 1985; Eschrich, Burchardt & Essiamah 1989; Ghoshroy & Fagerberg 1998; Yang et al. 1998; Maxwell et al. 1999; Ritz et al. 2000) .
Unexpectedly, the highest irradiance used in the present study (1500 µmol m −2 s −1 ) gave a typical 'low-light' response, i.e. an increase in thylakoid appression (Fig. 3d) and a decreased F735/F685 ratio at 77 K compared to the LA control (Table 3) . Although this may seem to contradict the results from the 800 µmol m −2 s −1 treatment (Fig. 3c , Table  3 ), Rintamäki et al. (2000) have recently shown a high-lightand thioredoxin-dependent inactivation of the LHCII kinase that would serve to explain the increase in thylakoid appression and decrease in the F735/F685 ratio we report here. The absence of thylakoid unstacking in high-light conditions in the laboratory (Fig. 3d) was also seen in the glasshouse experiments, in that chloroplasts collected at solar transit (1763 µmol m −2 s −1 ) did not have a significantly different ultrastructure than those collected predawn (Fig. 6) . Both of these high-light responses are in agreement with the results seen in Rintamäki et al. (2000) .
Numerous hypotheses have been forwarded to explain why chloroplast thylakoids stack, and all of them relate to the ability of thylakoids to adjust rapidly to the environment (see Critchley & Russell 1993; Anderson 1999) . Thylakoid stacking has been proposed: (1) to limit spillover from PSII to PSI by separating the photosystems (Ander- son 1981); (2) to enhance non-cyclic photophosphorylation (Chow 1994) ; (3) to help maintain a large post-illumination transthylakoid ∆pH (Terashima & Takenaka 1990) ; (4) to separate the two photosystems because their different exiton trapping rates may lead to non-synchronous turnover rates (Trissl & Wilhelm 1993) ; and (5) to provide increased protection of PSII from photo-inhibition (Anderson & Aro 1994) . Although the present study does not directly support or refute any of the above hypotheses, it shares in common with them all the need for thylakoid membranes to be able to quickly adjust to changes in irradiance. Light conditions can change rapidly in nature, for example in sunflecks (Pearcy 1990) , which may explain the need for thylakoid membranes to be able to rearrange both biochemically (McCormac et al. 1994 ) and ultrastructurally (this study) on very short (i.e. minimum) time scales. The present study has indicated a short-term relationship between irradiance levels and chloroplast structure. The mechanism for the light-induced structural changes is probably related to bioenergetic and/or biochemical adjustments to optimize photosynthesis and minimize photoinhibition under a wide variety of irradiance conditions. Specifically, state transitions and LHCII phosphorylation/ dephosphorylation are implicated. However, the exact physical pathway by which grana change size remains unknown. Are small grana lost upon shading by fusing sideby-side with other grana, by merging top-to-bottom to other grana, or by interdigitating with one another? What role is played by divalent cations, which have been shown to be involved in thylakoid stacking in vitro (cf. Staehelin 1976)? Do chloroplasts from shade-adapted species differ from those of sun-adapted species in their ultrastructural response to rapid changes in irradiance? These and other questions will require further experimentation.
As a cautionary note, it is advised that researchers investigating chloroplast ultrastructure (cf. Terashima & Inoue 1985; Albertsson 1995) take into account the rapidity with which changes in irradiance can initiate changes in granal appression. A 10 min change in light between growth conditions and fixation for microscopy may be sufficient to significantly affect measured thylakoid appression values.
